Background-The epidemiology of painful episodes in infants and younger children with SCD has not been well studied, particularly for pain managed at home.
Introduction
Early studies of infants with sickle cell disease (SCD) suggested that pain can occur as early as 6-12 months of age, typically manifested as dactylitis, a painful swelling of the hands and/or feet that limited manual dexterity or ambulation [1] . The Cooperative Study of Sickle Cell Disease (CSSCD), the first large prospective longitudinal study of SCD in the US, confirmed that the occurrence of painful crisis often began in the first year of life and increased steadily with half of all SS and SC patients experiencing a painful crisis by 4.9 years and 7.1 years of age, respectively [2] . A contemporary cohort from the BABY HUG trial demonstrated a 25-30 % prevalence of pain events prior to randomization at mean age 13·6 months in 193 infants with HbSS (n=187) or Sβ°thalassaemia (n=6) [3] . Either lower levels of fetal hemoglobin at 2 or 5 years of age [4] , or a combination of lower hematocrit and higher WBC at 12-18 months of age [5] , or higher reticulocyte counts [5] have been associated with more frequent acute care visits or hospitalizations for SCD complications. Early onset of pain events, particularly dactylitis, has been associated with more frequent subsequent sickle-related complications in several studies [6, 7] .
We conducted an eight year longitudinal study to further characterize the pain experienced by young children with SCD staring in early infancy as reported by parents or guardians using daily reports [8] , rather than relying on counts of hospitalizations or acute care visits, which underestimate the frequency of vaso-occlusive pain episodes in school-aged children, adolescents [9] , or adults [10] . Due to the complexity of relating unpredictable and relatively infrequent episodes of pain, we also report on a statistical approach that groups individuals into similar trajectories of pain occurrence over time.
Methods
Enrollment and data collection was conducted from Jan 1999-Jan 2008 at the Marian Anderson Sickle Cell Center and funded through the Comprehensive Sickle Cell Centers program. Families in eastern Pennsylvania and southern New Jersey with SCD infants identified by newborn screening were first approached about the study, usually between 3 to 6 months of age, after completion of confirmatory diagnostic testing and initial diseaserelated education. After informed consent, parents or guardians were trained in pain assessment and daily reporting by a nurse researcher who was an expert in pediatric pain assessment. Medical staff also trained parents or guardians in the appropriate usage of nonopioid and opioid oral analgesics, and non-pharmacologic comfort measures, and reviewed procedures for seeking medical treatment advice or urgent care.
Every day parents recorded the presence or absence of pain during the preceding 24 hours. When sickle cell related-pain events occurred, parents/guardians reported pain occurrence, location, associated symptoms, and the treatment that they provided. Daily paper diaries were predominantly used in the first year of life to familiarize families with pain assessment and reporting as previously described [8] . Subsequently a daily pager system was used to provide a method that allowed daily reporting on the presence or absence of pain, but with reduced participant burden. The system provided automatic notification to study staff of a pain report who then called the family. A structured interview script was used to guide further detailed data collection. Families who were unable to effectively comply with providing daily reports used a system of monthly telephone contacts by study staff using a similarly structured interview script for data collection in conjunction with a daily calendar kept by the parent or guardian.
Study visits to reinforce appropriate data collection and pain management skills were conducted at the time of routine hematologic visits every three months in the first two years of life, and every 4 months thereafter. During acute care visits or hospitalizations for pain study staff verified appropriate parental pain and physical assessments, and retraining was provided if needed. Parents ceased daily reporting for any period of chronic transfusion for clinical events (splenic sequestration, recurrent acute chest syndrome, surgery), but were allowed to resume study data reporting two months after the last transfusion.
All pain reports were reviewed as they were collected, and were adjudicated by consensus of study staff and PI or Co-PI. Episodes of pain separated by only one day of absent pain were infrequent, but were aggregated into a combined episode for the purposes of episode analyses. The study PI assigned a primary diagnosis and secondary diagnoses, if appropriate, for each admission during the study period based on the medical treatment provided to the patient. Only those with a primary diagnosis of pain were included in the analyses of pain hospitalizations. The data from all three modes of data collection were entered into an encounter based database program (Medlog, Information Analysis Corporation, Crystal Bay, NV) as three separate databanks. The data was then extracted into SAS 8.2 (SAS Institute Inc., Cary, NC) and SPSS (IBM Software) for data cleaning and analysis. Analyses of pain episodes and pain days included all episodes or days irrespective of treatment location (home/hospital).
Statistical Analysis
Continuous variables were summarized using mean, median, standard deviation and ranges, while categorical variables were summarized using frequency counts and percentages. The number of subjects with SCD pain and dactylitis was summarized by diagnosis and age with comparison of incidence rates between diagnoses using Fisher's exact test. Association between hemoglobinopathy diagnosis and age at first pain episode was assessed using the log-rank test. Subjects were censored if they had no pain at the end of follow-up or at the beginning of a 6 month or longer period of missing pain diary data.
Latent class growth analysis (LCGA) [11] was used to model pain episodes, pain days, of pain hospitalizations per age-year. To account for absent data collection from periods of transfusions within any given year, the numbers of pain episodes (or days) were annualized by multiplying the number of episodes (or days) by 365 and dividing by the number of days under observation for each age year. Pain episodes and pain hospitalizations were assumed to follow a Poisson distribution. Pain days were square-root transformed and assumed to be normally distributed. This analysis approach groups subjects into a finite number of latent classes that have a similar growth curve or outcome trajectory over time. The class-specific trajectories were assumed to be quadratic curves in time. Two-, three-, and four-class models were fit, and the best-fitting model was chosen as the one with the lowest Bayesian Information Criterion (BIC) score. LCGA was performed using Mplus software [12] . Subjects were assigned to their most likely class based on posterior probabilities of class membership. Association between pain class membership and hemoglobinopathy diagnosis was evaluated using Pearson's chi-square test.
Results
Over the study period, 103 children were enrolled (Table 1) whose parents reported at least 60 days of observations, beginning at a median age of 7.2 months (range 1.5, 65.2 months). Seven additional children were enrolled, but their parents provided less than 30 days of pain reports and were considered inevaluable. The study participants represented about 70% of SCD children referred to the Center by local newborn screening programs during the study time period; the most common reasons for refusal were perceived inability to complete daily reporting or excessive travel times to the Center. An SS genotype was present in 50 children (48.5%), SC in 32 (31.1%), SB 0 thalassemia in 6 (5.8%), SB + thalassemia in 15 (14.6%). The gender distribution was 58% male and 42% female. Hydroxyurea was not used during the study as the results of the BABY HUG clinical trial [3] were not yet available.
Parents/guardians reported on SCD pain occurrence, behaviors, and home management in their children for a median of 3.8 years (range 0.3-7.6 years), excluding any period of recurrent transfusions (Table 1) . Most families predominantly used one of the reporting formats during their study participation. The total number of reported days in each format (diary, pager, and phone reporting) were similar ranging from 36,433 to 52,672 days. The total number of days children were assessed for pain and reported with any one of the three reporting systems was 141,197 days with an additional 28,079 days (16%) where data was not reported. Families exited the study when they no longer wanted to continue daily reporting, or when their child reached 8 years of age.
Hospitalizations
As expected in this age group, the most common primary admission diagnosis for hospitalization during the study period was fever requiring antibiotic therapy (61.6%). Other frequent diagnoses included painful episodes (18%) or acute chest syndrome (11.7%), while admissions for surgery (4%) or splenic sequestration (3.5%) were less common. All other sickle cell complications represented less than 1% of all admissions. Nine subjects had a total of 24 hospitalizations for Reactive Airway Disease (RAD) symptoms.
Pain Occurrence
Parents or guardians reported pain in their children on a total of 2,288 days (1.6%). This represented 768 distinct episodes of pain typically lasting several days (3 ± 2.9 days, range 1-23 days), of which 108 required hospitalizations (14%) ( Table I) . Over 80% of children with reported pain in the 0-12 month age interval had pain locations (hands or feet) and signs and symptoms (swelling or tenderness) consistent with dactylitis, which became progressively less prevalent in older age intervals reaching a level of about 10% by age 48-60 months (Table II) . There was a trend toward a higher frequency of sickle pain occurrence in the children with SS or SB0thalassemia genotypes compared to those with SC or SB +thalassemia genotypes at all age groups, which reached statistical significance only for the 12-24 month and 24-36 month age groups (Table II ). All sickle cell pain episodes or only dactylitis episodes were of longer median duration in the children with SS or SB0thalassemia genotypes compared to those with SC or SB+thalassemia genotypes at all age groups, but this difference rarely reached statistical significance.
Time to First Pain Event
A total of 75 of the 103 participants were available for analysis of time to first pain episode as the parents or guardians reported no pain occurrence prior to enrollment at 6.3 ± 3.1 months (median 5.8 months). The time to first reported occurrence of pain was influenced by sickle genotype, and was significantly shorter in the SS genotype (median, 13.9 months, p=0.002, log rank test) compared to those with SC (43.6 months), SB+thalassemia (21.6 months), or SB0thalassemia (35.8 months) genotypes. Female and male infants had similar times to first pain episode (p=0.89).
Trajectories of Pain
Latent Class Growth Analyses were performed on the longitudinal measurements of number of pain episode, pain days, or pain hospitalizations per age-year, excluding any periods of clinically-indicated transfusion therapy.
Pain Episodes
Longitudinal trajectories results for the pain episode data (Figure 1 ) suggested a four-class (trajectory) model: 1) Class 1A -No/Few Pain (n=53, 49%) with little to no pain over the entire observation period; 2) Class 1B-Low Pain (n=21, 23%) characterized by relatively constant incidence of pain episodes at a low to moderate level (2 episodes / year); 3) Class 1C-Early/Intermediate High Pain (n=12, 12%) characterized by an initial higher pain rate with a decrease in incidence over time to an intermediate level (4 episodes / year); and 4) Class 1D-Increasing High Pain (n=17, 16 %) characterized by low incidence of pain episodes at age 12 months followed by increasing pain over time (8 to 12 episodes / year).
Pain Days
Longitudinal trajectories results of the pain day data (Figure 2 
Pain Hospitalizations
Longitudinal trajectories also were determined restricting the analyses to pain episodes that resulted in hospitalizations (Figure 3) . A four trajectory was also suggested: 1) Class 3A-a pattern of no hospitalizations across the study period (n=64, 62%); 2) Class 3B-Low Pain (n=24, 23%); 3) Class 3C Early/Intermediate High Pain (n=8, 8%); and 4) Class 3D Late Increasing High Pain (n=7, 7%). There were statistically significant relationships between hospital trajectory class membership and membership in the pain episode trajectories (p< 0.009) and pain day trajectories (p<0.001), with 80% of the No/Few pain classes (Class 1A, 2A) being members of the Not Hospitalized group (Class 3A). Members of the more symptomatic pain episode (Classes 1B, 1C, 1D),or pain day classes (2B, 2C, 2D) were dispersed over the other hospitalization trajectories reflecting only a modest relationship between pain frequency and hospitalization frequency.
Pain episode class membership was significantly associated with genotype, as the SS, Sβ°t halassemia genotypes were over-represented compared to the SC, Sβ + thalassemia genotypes in the most symptomatic pain episode trajectory, Class 1D (71% vs 29%), and underrepresented in the least symptomatic pain episode trajectory, Class 1A (43% vs 57%) (p=0.04). Restricting the trajectory analyses to only the SS, Sβ°thalassemia genotypes provided a three class solution similar to class 1C and class 1D for the symptomatic pain episode trajectories with the less symptomatic SS, Sβ°thalassemia genotypes combined in a low frequency group similar to class 1B.
For the pain day trajectories, the SS, Sβ°thalassemia genotypes represented 71-91% of the symptomatic Class 2B, 2C, and 2D members, but only 42.5% of the less symptomatic Class 2A (p=0.019). A similar pattern of genotypes was seen for class membership in the pain hospitalization trajectories with the SS and Sβ°thalassemia genotypes representing 71-87% of the members of frequent hospitalization groups, Class 3C Early/Intermediate High Pain and Class 3D-Late Increasing High Pain, but only 40% of the no hospitalization Class 3A (p=0.019). Similar trajectories for both frequency of pain days or pain hospitalizations were obtained when the trajectory analyses were restricted to SS and Sβ°thalassemia genotypes.
Discussion
Pain from vaso-occlusion represents a significant complication contributing to reduced quality of life in many children with SCD [13] , and early pain from SCD could potentially lead to altered pain experiences in later childhood or as adults, similar to children and adults who experienced pain in the neonatal period [14, 15] . However, there is limited data on the occurrence of sickle pain in infants with young children, particularly from longitudinal studies, so we recruited a longitudinal cohort of infants with sickle hemoglobinopathies identified by newborn screening, which allowed the enrollment of infants by about 6 months of age prior to the onset of clinical symptomatology, except for our initial participants used to develop and validate our infant pain diary [8] . During subsequent clinic visits research staff taught and supported parents as they became more knowledgeable in the care of their child with SCD and provided positive feedback as their pain management skills evolved. The resulting relationships built over time among children, parents, and study staff likely contributed to their continued participation, especially in a population often thought to be wary of participating in research studies [16] . The success of this approach is reflected in the low percentage of missing data (16%), and the substantial length of study participation (median 3.8 years).
Parents reported that their children experienced pain on 2,288 days, including those managed at home and in the hospital setting. This represented 1.6% of days observed, which was considerably less frequent then that observed (14%) for a similar study of older children and adolescents [17] . Of the 768 distinct episodes of pain reported by parents, 108 required hospitalizations (14%), which was considerably more frequent than that seen in our previous study (5%) of older children and adolescents [18] .
All reporting formats required parents to report the affected body location, presence of swelling, and any change in use of extremities. Episodes associated with reports of pain locations in hands or feet, swelling, and limitations in movement were categorized as dactylitis. Consistent with reports derived from acute care visits [1, 2] , parents reported that most pain events in the first year of life (>80%), including those managed exclusively at home, displayed signs and symptoms consistent with dactylitis. Similarly, consistent with previous studies [1, 2, 7] , parents reported a smaller percentage of these events in the second and third years of life, and very few dactylitis events after 4 years of age. Similar to the CSSCD, Jamaican, or Guadelope cohorts an earlier pain onset was seen in individuals with the SS genotype, but the absolute time to first event varied depending on the definition of the pain event and its method of ascertainment.
We sought to take advantage of the longitudinal nature of our data collection by applying latent-class growth analysis (LCGA), a group-based trajectory modeling strategy, which is based on the assumption that data arise from observing a mixture of individuals from a limited number of latent classes, each with their own developmental time path (trajectory class). This approach allowed the identification of a small number of groups, in which the time course for evolution of pain across time defined the groups (Figures 1, 2, 3) . Examination of the pain day data revealed one group (Class 2A), and the pain episode data two groups (Classes 1A, 1B) of infants and young children with a persistently low frequency of pain across all ages, representing about 70% of the overall sample and containing almost all of the milder sickling genotypes, SC and Sβ + thalassemia, and a much smaller proportion of the SS or Sβ 0 thalassemia genotypes. Examination of the pain episode data identified two groups of symptomatic individuals, infants with early onset of high pain frequency (Class 1C), and those with later onset of frequent pain (Class 1D), both of which largely contained individuals with more severe sickling genotypes, SS and Sβ 0 thalassemia. Analysis of the pain day data, which captures both frequency and duration of pain, segregated these two most symptomatic groups into three groups characterized by peaks of high pain frequency in early infancy (Class 2B), middle childhood (Class 2C), or later childhood (Class 2D). Both trajectory analyses identify 40-45% of SS/Sβ 0 thalassemia and 10-12% of SC/ Sβ + thalassemia individuals as symptomatic with pain during childhood, which is broadly consistent with clinical experience, and was identical to the size of the frequent pain hospitalization group of the placebo arm of the BABY HUG clinical trial [19] .
There are a number of limitations to this study. It is possible that our pain frequency or severity results may be influenced by the population, geographical or analgesic practices [20, 21] characteristic our center. The percentage of episodes managed at home also may have been higher than in other studies as parents had substantial on-call support from medical professionals who were part of the research team. Proxy reporting by parents may provide less certainty for exact times of pain onset and/or resolution, particularly for very young children or for relatively inexperienced parents.
Conclusion
Our study demonstrates the feasibility of initial recruitment and subsequent daily reporting of clinical events by families of infants and young children with SCD over many years, particularly when careful consideration is given to enhance family support and minimizing respondent burden. The qualitatively similar trajectories of pain episodes and pain days suggest that either may be used as a measure of pain frequency. The choice of pain metric to use should reflect planned ascertainment procedures and statistical analysis strategies. While quantitatively different, the qualitative patterns of pain frequencies were similar for episodes managed in the hospital and those managed at home suggesting that either could be used as measures of pain frequency in very young children with SCD. While hospitalized episodes are more easily ascertained from electronic medical records, they are relatively infrequent and intervention studies using such endpoints would likely require a larger sample size then those studies using all episodes. Studies limited to hospitalized episodes also may not be able to definitively determine whether pain is truly reduced in frequency rather than reduced in intensity with a resulting shift in care location.
The observation that about 15% of SCD infants and young children have patterns of frequent hospitalizations for pain quantitatively similar to that seen in older SCD children and adolescents suggests the possibility that very early pain experiences may influence or predict subsequent pain experience in later childhood and adolescence. The occurrence of frequent pain in almost half of young children with the SS or Sβ 0 thalassemia genotypes, much of which occurred after 1-2 years of age, reinforces the potential benefit of early intervention with oral hydroxyurea to reduce an escalating burden of pain. Table includes only those participants who were in study for at least 60 days. [1] Percentages of Diagnoses are calculated from the total number of participants in the study. [2] Percentages are calculated from the total number of days assessed for pain. [3] Percentages are calculated from the total number of days assessed for pain for the corresponding data subset. 
